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produce sugars from carbon dioxide and 
water. For photosynthesis to perform well, 
a sophisticated synergy of photon- and 
charge-management is required. Artificial 
photosynthesis attempts to replicate the 
natural processes of photosynthesis, that is, 
to convert sunlight, a practically unlimited 
and sustainable source of energy, to make 
high-energy chemicals to store energy.[1–3]
Nature provides the perfect blueprint for 
an optimized photon- and charge-manage-
ment.[4–7] With focus on photon-manage-
ment, it is the light-harvesting within an 
array of proteins, carotenoids, and chloro-
phylls that enables unidirectional transfer 
of light energy. Important is hereby that, 
the absorption spectra of the individual building blocks are non-
overlapping. As a consequence, they broaden the range of light 
that is absorbed, and that sets up the ways and means to pan-
chromaticity. In short, panchromaticity is an optical feature that 
ensures the absorption of light across the entire visible spectral 
region. In non-natural/artificial systems, panchromaticity is real-
ized by combining two or more photoactive building blocks, 
each with complementary absorptions. Porphyrinoid systems—
vide infra—stand out in this context as they guarantee tailoring 
energy gradients at ease. Currently, down- and up-conversions 
receive increasing interest as a versatile platform for photon-
management as it enables improving energy harvesting over the 
whole solar spectrum. The down-conversion of singlet excited 
states by means of multiexciton generation/singlet fission ena-
bles multiple excitons to be generated after the absorption of just 
a single photon. For example, by integrating multiexciton gen-
eration/singlet fission materials into solar-cell architectures, it is 
feasible to overall increase the efficiency of solar cells by pushing 
the Shockley–Queisser limit from 32% to approximately 45%. 
Up-conversion is, from a fundamental perspective, the reversion 
of multiexciton generation/singlet fission, since multiple low-
energy excitons are converted into a single high-energy photon. 
Yet, another approach to manage photons is based on non-linear 
processes such as two-photon absorptions.
When turning to charge-management, the Marcus theory of 
charge-transfer is considered.[8] It stands out as the dominant 
theory of charge-transfer in chemistry and treats its rate constants 
as a parabolic dependence on the free energy changes of the reac-
tion. The underlying relationship provides a valuable guide for 
control over the efficiency and kinetics of charge-management 
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1. Introduction
Photosynthesis is performed by all plants, algae, and even some 
microorganisms and is based on the use of light energy to 
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tive Commons Attribution License, which permits use, distribution and 
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in the form of charge-separation and -recombination. Hereby, 
the electronic coupling between electron donor and acceptor 
and, foremost, the reorganization energies regulate the abso-
lute rate constants. Notably, the rate constant first increases with 
enlarging driving force. This range is generally referred to as the 
Marcus normal region of the bell-shaped relationship. When the 
driving force becomes, however, of the same magnitude as the 
reorganization energy, the rate constant reaches a maximum. 
Upon passing the thermodynamic maximum, the highly exo-
thermic region of the parabola is entered, which is generally 
referred to as the Marcus inverted region. Here, an additional 
increase of the free energy change results in an actual slowdown 
of the rate constants. Nature is replicated in non-natural/artifi-
cial systems, by means of combining two or more redox-active 
building blocks to separate charges and transfer them along 
well-defined redox gradients. In leading examples, charge-sepa-
rated states with a lifetime of seconds were realized. A contem-
porary challenge is to manage the transfer of several, that is, two 
or more charges rather than a single charge. The impact of the 
latter is substantial in the area of solar fuels. Equally challenging 
in this area is charge bifurcation and confurcation.
0D, 1D, and 2D nanocarbons in the form of fullerenes/
endohedral metallofullerenes (EMFs),[9] single walled carbon 
nanotubes (SWCNTs),[10] and carbon nanodots (CNDs)[11]/hexa-
benzocoronenes (HBCs)[12]/graphene[13] represent some of the 
most promising material families with enormous potential for 
high-performance applications based on their unprecedented 
electronic, optical, mechanical, and chemical properties; solar 
energy conversion, in general, and photovoltaics, as well as 
photo catalysis, in particular. Next to their rich electrochemistry, 
most 0D, 1D, and 2D nanocarbons constitute of the rare case of 
building blocks with very small reorganization energy in charge 
transfer reactions; smaller than that found in most organics 
and inorganics, which are used in charge transfer reactions. 
As a consequence, the unwanted charge recombination (CR) is 
pushed deep into the Marcus inverted region—vide supra. In 
addition, their structural rigidity is outstanding as it supports 
electron–vibronic (e–v) couplings even at temperatures, where 
other organics and inorganics deactivate via vibrational cooling. 
At the same time, 0D, 1D, and 2D nanocarbons are ideal tar-
gets for investigating fundamental chemical and physical 
questions such as shape- and charge-dependent binding and 
release of molecules, charge-transport in confined spaces, and 
superior sensing of supramolecular interactions. Because of 
the almost limitless possibilities of constructing both discrete 
and extended networks of sp–, sp2–, and sp3–hybridized nano-
carbons, many additional and so far unknown modifications 
with remarkable properties are imaginable and several exam-
ples have been predicted theoretically. Potential drawbacks of 
SWCNTs, CNDs, and graphene are, in contrast to fullerenes 
and EMFs, their structural diversity and the lack of control 
thereof, on one hand, and their instability, on the other hand. 
For example, to this date, not a single methodology exists that 
supports synthesis of SWCNT with a single chirality in reason-
able quantities. To add to this challenge, single layer graphene 
requires stabilization to suppress restacking.
Within the large family of porphyrinoid systems, porphyrins 
(Ps) and (metallo)porphyrins (MPs) enjoy a privileged posi-
tion in photon- and charge-management.[14] Most notable are 
intense absorptions in the blue/UV and the red/near-infrared 
regions in the form of Soret-band and Q-band transitions, 
respectively, as well as electrochemical and photochemical sta-
bility. In addition, their physico-chemical properties are usually 
fine-tuned by chemical modification of the central metal and/
or the peripheral substituents. First, they function as antennas, 
since they absorb very efficiently light in the visible region of 
the solar spectrum and, second, once photoexcited, they act 
as electron donors. Such properties render them suitable to 
be incorporated into advanced energy materials together with 
other electro- or photoactive units. In this way, fast and efficient 
photon- and charge-management, which are fundamental for 
the fabrication of photovoltaic devices, can be reached.
Even after years of intense investigations, the mixing of 0D, 
1D, and 2D nanocarbons, on one hand, and Ps, on the other 
hand, in advanced energy materials constitutes an interesting 
and challenging topic.[15–59] Often used in models for multistep 
electron transfer, the comprehensive understanding of electron 
donor-acceptor interactions assists in paving the transformation 
towards artificial photosynthesis: efficient energy conversion and 
storage units. Considering today’s call for alternative, renewable 
energy sources, efficient energy conversion, and storage units are 
of great relevance. It all started with the trailblazing contribution 
from A. L. Moore, T. A. Moore, D. Gust, and coworkers.[60]
The key feature of the Guldi Group’s research accomplish-
ments is their ability to assemble advanced energy materials on 
the nanoscale in a modular fashion and to reach macroscopic 
scale objects.[61–65] The work has an impact at the fundamental 
level from the ingenuity of the molecular frameworks designed 
to achieve specific functions combined with a rigorous physical 
characterization of the system’s photophysics and electrochem-
istry without losing sight of the ultimate objective of developing 
integrated solar energy-to-chemical fuel conversion systems, 
which in the future can be utilized in real devices. A broad 
range of spectroscopic and microscopic techniques are routinely 
employed to address aspects that correspond to the optimization 
and fine-tuning of dynamics and/or efficiencies of charge-sepa-
ration, charge-transport, charge-shift, and charge-recombination. 
What stands out is the use of ultrafast spectroscopies, in which 
any of the aforementioned processes are followed in real-time, 
commencing with selective excitation of specific building blocks, 
by electronic absorption and infrared spectroscopies (Figure 1).
In this review, we summarize our works in the area of 
photon- and charge-management, where we were among the 
first to investigate covalent electron donor-acceptor conjugates 
built around Ps, on one hand, and 0D, 1D, and 2D nanocar-
bons, on the other hand. The major challenges in this area, 
which we faced and addressed in our studies, include:
 To establish small reorganization energies in 0D and 1D 
nanocarbons in short-range intramolecular charge transfer 
as a means to slow down CR and to ensure charge shift to 
secondary electron donors or acceptors.
 To realize small attenuation factors in 0D nanocarbons in 
long-range intramolecular charge transfer as a means to 
move charges over long distances in single steps.
 To foster sizeable electron–vibronic couplings in 0D and 1D 
nanocarbons as a means to accelerate intramolecular charge 
transfer at room temperature.
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 To demonstrate oxidative rather than reductive intramolec-
ular charge transfer in 0D nanocarbons as a means to set-up 
oxidative photocatalysis.
 To explore trapping of charges intramolecularly at the endo-
hedral atoms, ions, or even clusters in 0D nanocarbons as a 
means to slow down CR.
 To gain control over the number of functional groups/
defects in 1D and 2D nanocarbons as a means to delocalize 
charges intramolecularly, rapidly, and efficiently.
 To ascertain the use of structurally poor-defined 2D nano-
carbon as a means to explore the first steps of photocatalysis.
2. 0D Nanocarbons
2.1. Empty Fullerenes
The 0D structure of empty fullerenes, which are made of alter-
nating hexagons and pentagons of sp2.278-hybridized carbon 
atoms, and, which feature a diameter of 7.8 Å for C60, has 
stimulated interest in relating their properties to conventional 2D 
π-systems.[66] Arc-discharge with graphite electrodes is the method 
of choice for synthesizing gram-quantities of empty fullerenes, 
which are pure and single isomers in the case of the most abun-
dant C60 and C70. Their extraordinary electron accepting properties, 
which were predicted theoretically and confirmed experimentally, 
have resulted in noteworthy advances in the areas of light-induced 
electron transfer chemistry and solar energy conversion.[15,44,45] It 
is mainly the small reorganization energy and the ability to delo-
calize electrons that have rendered fullerenes unique for inter- and 
intramolecular electron transfer processes.[67,68] In essence, multi-
faceted work has demonstrated that empty fullerenes function 
predominantly as electron acceptors when integrated together 
with MPs into energy conversion and storage units.
2.2. EMFs
The versatility of empty fullerenes as a building block for 
the construction of electron donor-acceptor conjugates has 
Figure 1. Top right: representative differential absorption spectra (visible and the near infrared region) at time delays of 1.0 ps (blue), 5.0 ps (red), and 
500 ps (orange). Bottom left: representative time absorption profiles at 480 nm (blue), 640 nm (red), and 1200 nm (orange), illustrating the dynamics 
over several time delays in picosecond regime. Bottom right: differential absorption spectra (visible and the near infrared region) of GNP–ZnP–Fc 
electron donor-acceptor conjugate (35) obtained upon femtosecond pump-probe experiments (@ 460 nm) in Ar-saturated THF at room temperature 
with several time delays of 0 to 5500 ps.
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motivated many groups to look into enclosing additional atoms, 
ions, or even clusters into their interior. In this context, note-
worthy studies have been reported with EMFs of different types, 
namely mono-metallofullerenes, di-metallofullerenes, trime-
tallic nitride fullerenes, etc.[69,70] Doping empty fullerenes with 
electropositive metals has been demonstrated in an arc gen-
erator to yield EMFs. To this date, their production/purifica-
tion is widely explored and established despite their overall low 
yields and the large number of isomers. Incorporating different 
metal species has enabled, for the first time, insights into intra-
molecular electron transfer processes. Most EMFs retain their 
spherical structures, but enhanced π-systems and novel chem-
ical/physical properties evolved, which have never been seen 
for empty fullerenes. Most important is the strong influence of 
the endohedral atoms, ions, or even clusters on the nature of 
EMFs endowing them with either electron accepting or electron 
donating characteristics. As a matter of fact, unlimited access 
towards EMF-based multi-functional material has been of great 
interest for emerging applications.
2.3. 0D: Empty Fullerene Porphyrin Conjugates
As far as intramolecular electron transfer reactions are con-
cerned, marked effects were seen in a study, in which we 
probed a ππ stacked C60ZnP conjugate (1) with van der 
Waals contacts—Figure 2.[71] The short separation of 3.0 Å guar-
anteed that an intramolecular charge-separation succeeds in 
virtually any solvent and dominates over the competing energy 
transfer. The rapid formation and decay of the one-electron oxi-
dized form of ZnP between 670–680 nm and the one-electron 
reduced form of C60 around 900 nm in toluene testified to the 
charge-separation and -recombination processes, respectively. 
Now, the systematic change in solvent polarity, for example, 
from non-polar toluene to polar benzonitrile, provided the 
powerful means to alter the free energy changes over a wide 
range. Indeed, a marked acceleration of the charge-recombina-
tion rates was seen at smaller thermodynamic driving forces, 
namely at larger dielectric constants, which corroborated our 
working hypothesis. To illustrate this, the lifetimes varied over 
a wide range: 619 ps in toluene to 38 ps in benzonitrile. Most 
importantly, correlating rate constants with the thermodynamic 
driving forces and fitting of the resulting parabolic depend-
ence yielded an experimental reorganization energy of 0.86 eV. 
The delocalization of electrons in C60, provided by its large 3D 
π-system, resulted in the conclusion that the reorganization 
energy in the C60ZnP systems is not receptive towards large 
changes in the solvent polarity in going, for example, from tol-
uene and THF to benzonitrile. Accordingly, the reorganization 
energies of the C60ZnP conjugate are reasonably assumed to 
be comparable in the different solvents.
In addition, a series of different metalloporphyrins (MP) 
bearing manganese(III) (2), iron(III) (3), cobalt (II) (4), 
nickel(II) (5), and copper(II) (6) were investigated—Figure 2.[72] 
In all these C60MP conjugates, a key feature was, once again, 
the van der Waals distance separating the excited-state elec-
tron donating MP from C60. Importantly, this ππ stacking 
motif emerged as a powerful tool for overcoming the intrinsi-
cally fast deactivation of the excited states in MP. The lifetimes 
of the rapidly and efficiently generated charge-separated state 
were found to depend on the solvent polarity and on the metal 
species.
Next, linear arrays were tested, in which a systematic varia-
tion of electron donor-acceptor separation between the electron 
donating ZnP and the electron accepting C60 to about 11.9 Å in 
(7), leads to lifetimes of up to 2.7 µs in deoxygenated THF.[73] 
Notably, several C60ZnP conjugates, whose electron donor-
acceptor distances fall essentially in between these limits, that 
is, from 3.0 to 11.9 Å, revealed lifetimes that are typically on the 
order of several tens to hundreds of picoseconds. In THF, the 
values range from 45 to 398 ps documented some interesting 
trends: placing the same bridge at different positions of the 
porphyrin, that is, meso- versus pyrrole-position, and/or using 
different bridges, that is, ethynylene versus phenyleneethy-
nylene, respectively, impacts the electronic coupling element 
(V). The electronic coupling decreased monotonically with dis-
tance throughout the series: from 415 to 39 cm−1. Likewise, the 
reorganization energies disclosed differences. They described a 
fundamental distance dependence, where they first drop from 
0.82 eV at 3.0 Å to 0.5 eV at 6.18 Å and after that, they steadily 
increase to 0.66 eV at 11.9 Å.[74]
But, it is well documented that not only the electronic cou-
pling, but also the attenuation factor is a function of electronic 
structure and overall architecture of the molecular bridge. Thus, 
much effort was devoted to designing bridges that facilitate long-
range electron transfer reactions. In this context, π-conjugated 
oligomers were interesting candidates, which led to the inves-
tigations of C60 and ZnP connected by alkynes (8), p-phe-
nyleneethylenes (opPE) (9), fluorenes (oFl) (10), p-phenylenev-
inylenes (opPV) (11), etc—Figure  3.[74] As a leading example, 
molecular opPV-bridges, which span electron donor-acceptor 
distances of up to 38.7 Å, exhibited attenuation factors as low 
as 0.01 Å−1. The reorganization energy was, however, distance 
invariant between 24.9 and 38.7 Å with 0.72 eV. A major setback 
of the aforementioned π-conjugated oligomers was the rotation 
around the single bonds, which connect the individual phenyl 
units. In short, it caused a deviation from planarity along the 
oligomer chain. To this end, the most intriguing contribution 
came from carbon-bridged oligo-p-phenylenevinylene (CopPV) 
bridges (12)—Figure 3.[75] Their rigid and flat structure ruled out 
any deviation from planarity along the oligomer chain. Relative 
Figure 2. Representative porphyrin conjugates featuring 0D C60: C60ZnP 
(1) with an electron accepting empty fullerene (C60) and a light harvesting/
electron donating zinc (II) porphyrin (ZnP) on the left, and C60-CoP (4) with 
an electron accepting empty fullerene (C60) and a light harvesting/electron 
donating cobalt (II) porphyrin (CoP) on the right. In THF, charge separa-
tion and recombination are 5.5 × 1010 s−1 (C60CoP (4)) and 2.5 × 109 s−1  
(C60ZnP (1))/4.3 × 109 s−1 (C60CoP (4)), respectively.
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to a comparable molecular opPV-bridge, both, the electronic 
coupling element and the reorganization energy were enhanced 
due to the flatness of the molecular CopPV-bridge with values of 
39 cm−1 and 0.89 eV, respectively.
Similar effects were also seen for several C60H2P conju-
gates—Figure  4.[76–78] An important consideration implies, 
however, that the 200  mV higher oxidation potential of the 
H2P•+/H2P couple relative to that of ZnP•+/ZnP, would allow 
storing a larger fraction of the excited state energy as chemical 
potential in the charge-separated state. Slower charge-separa-
tion and charge-recombination were logical consequences that 
stemmed from the energy gap variation in the C60H2P versus 
the C60ZnP conjugates. For the pyrrole linked C60H2P (13) 
and C60ZnP (14) charge-recombination lifetimes of 290 and 
50 ps, respectively, were reported.
In a nutshell, our work and that of others[79–84] has been 
essential to substantiate that, in the combination with MPs, 
0D empty fullerenes accept electrons in short- and long-range 
fashions rather than donate electrons—Scheme  1. Key to 
realize charge separated state lifetimes as long as 2.7 µs has 
been the full control over the reorganization energies, attenu-
ation factors, and electronic couplings. The former two have 
been as low as 0.6  eV and 0.01 Å−1, respectively, while the 
latter reached values of up to 415 cm−1. Similar conclusions 
have been drawn when (metallo)phthalocyanines, in which 
the visible light absorption is substantially pushed into the 
red region of the solar spectrum, are used rather than MPs. 
The only notable exception among porphyrinoid systems has 
been a subphthalocyanine (SubPc) linked to C60, in which case 
SubPcs outcompeted C60s in their effort for accepting electrons 
Figure 3. Representative porphyrin conjugates featuring 0D C60: (C60ZnP)s with an electron accepting empty fullerene (C60) and a light harvesting/
electron donating zinc (II) porphyrin (ZnP) linked by a molecular (opPV)3-bridge (11) on the top, and a molecular (CopPV)3-bridge (12) on the bottom. 
In THF, charge-separation and recombination are 4.5 × 109 s−1 (C60(opPV)3ZnP (11))/7.1  × 1010 s−1 (C60(CopPV)3ZnP (12)) and 1.2  × 106 s−1 
(C60(opPV)3ZnP (11))/5.9 × 109 s−1 (C60(CopPV)3ZnP (12)), respectively.
Figure 4. Representative porphyrin conjugates featuring 0D C60: C60ZnP (14) with an electron accepting empty fullerene (C60) and a light harvesting/
electron donating zinc (II) porphyrin (ZnP) on the left, and C60-H2P (13) with an electron accepting empty fullerene (C60) and a light harvesting/electron 
donating free-base porphyrin (H2P) on the right. In THF, CR is 3.4 × 109 s−1 (C60H2P (13))/2.0 × 1010 s−1 (C60ZnP (14)).
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upon photoexcitation.[85] Among the major drawbacks of empty 
fullerenes is their tendency to dimerize once they are singly-
reduced, which creates thermodynamic traps, and, which pre-
vents charge transport. Likewise, their doubly-reduced form 
should be mentioned; empty fullerenes undergo de-function-
alization, which renders them impractical as charge accumula-
tors. A likely solution is to use them as charge mediators rather 
than charge accumulators.
2.4. 0D: EMF Porphyrin Conjugates
In a pioneering investigation with the Ce2@Ih-C80ZnP 
conjugate (15), a molecular switching behavior was 
documented—Figure  5. In particular, Ce2@Ih-C80-ZnP (15) 
underwent either reductive electron transfer in non-polar media 
or oxidative electron transfer in polar media with lifetimes of 
ca. 0.8 ps and 0.4–0.7 ps, respectively. The transients observed 
Scheme 1. Energy diagram for empty fullerene porphyrin conjugates highlighting the fast charge-separation and the slow CR stemming from the small 
reorganization energies of fullerenes in charge transfer reactions and the small attenuation factor to push the latter deep into the Marcus inverted 
region as well as to enable charge shift to a secondary electron donor (D).
Figure 5. Representative porphyrin conjugates featuring 0D EMFs: Ce2@Ih-C80ZnP (15) (Ce3+s are shown in cyan) with an electron accepting EMF 
(Ce2@Ih-C80) and a light harvesting/electron donating zinc (II) porphyrin (ZnP) in non-polar solvents or an electron donating EMF (Ce2@Ih-C80) and 
a light harvesting/electron accepting zinc (II) porphyrin (ZnP) in non-polar solvents on the left, and Ce2@Ih-C80H2P (16) (Ce3+s are shown in cyan) 
with an electron accepting EMF (Ce2@Ih-C80) and a light harvesting/electron donating free-base porphyrin (H2P) on the right. In THF, charge-separation 
and recom bination are 1.3 × 1012 s−1 (Ce2@Ih-C80ZnP (15))/5.4 × 1010 s−1 (Ce2@Ih-C80H2P (16)) and 2.4 × 108 s−1 (Ce2@Ih-C80ZnP (15))/> 5.4 × 1010 s−1 
(Ce2@Ih-C80H2P (16)), respectively.
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in the near-infrared between 900 and 1200  nm confirmed the 
one-electron reduced form of Ce2@Ih-C80, while the transient 
around 850  nm confirmed the one-electron oxidized form of 
Ce2@Ih-C80. Despite the flexible 2-oxyethyl butyrate spacer, the 
short distance and higher strength in the electronic coupling 
between C80/ZnP versus [Ce2]6+/ZnP, the nonadiabatic forma-
tion of the (Ce2@Ih-C80)•−ZnP•+, was favored. A closer look 
reveals the reduction of [Ce2]6+ and not that of C80. This electron 
transfer mechanism dominated in non-polar media such as 
toluene and THF with lifetimes of up to 4100 ps. In stark con-
trast was the behavior in polar-media. In benzonitrile or DMF, 
the otherwise endergonic level (Ce2@Ih-C80)•+ZnP•−, which is 
2.3  eV in non-polar media with respect to the singlet excited 
state of ZnP (2.1  eV), was stabilized by 0.3  eV. This, in turn, 
drove its formation with subsequent charge-recombination to 
afford 3*(Ce2@Ih-C80)ZnP. For the charge-recombination of 
(Ce2@Ih-C80)•+ZnP•− in benzonitrile and DMF, the lifetimes 
were 55 ps and 116 ps, respectively.[86]
Intriguingly, the electron transfer mechanism for the analo-
gous conjugates with H2P, that is, Ce2@Ih-C80H2P (16), 
exhibited, in contrast to the investigation with Ce2@Ih-C80ZnP 
(15), a rather solvent independent character—Figure  5. The 
reason for which was the H2P singlet excited state (1.90  eV), 
which is 0.2  eV lower in energy than the ZnP singlet excited 
state (2.10 eV). Notably, it provided less thermodynamic driving 
forces for the oxidative pathway. The (Ce2@Ih-C80)•−H2P•+ life-
time was shorter than its formation, hence, could not be fit.[87]
Another important study involved the comparative inves-
tigation of two electron donor-acceptor conjugates using iso-
electronic EMFs based on an Ih-C80 cage, with different types 
of endohedral guests: (La2)6+ versus (Sc3N)6+—Figure  6. In 
La2@Ih-C80ZnP (17) and Sc3N@Ih-C80ZnP (18), the excited 
state electron donating ZnPs were linked via 2-oxyethyl butyrate 
spacers. Even though the combined studies of crystallography 
and NMR determined a common (6,6)-open addition pattern, 
the structural characterization gave rise to subtly different con-
formations, that is, rigid and comparatively flexible structure for 
La2@Ih-C80ZnP and Sc3N@Ih-C80ZnP, respectively. Addi-
tionally, the electrochemical measurements implied stronger 
interactions between Ih-C80 and ZnP in La2@Ih-C80ZnP (17). 
This observation was also supported by DFT calculations, 
which suggested that in the lowest energy confirmation for 
La2@Ih-C80ZnP, the La2@Ih-C80 and ZnP assume van der 
Waals distances. Owing to these subtle changes, the duality 
of charge-separation properties, that is, reductive and oxida-
tive electron transfer, with solvent polarity was observed in the 
excited-state for La2@Ih-C80 similar to the finding described for 
Ce2@Ih-C80—vide supra.[88] In contrast to Ce2@Ih-C80ZnP 
(15), reductive charge transfer was limited to the reduction of 
Ih-C80 without revealing any evidence for any occurring [La2]6+ 
reduction. Lifetimes of 230  ps in toluene and 170  ps in THF 
are notably shorter than the 4100 ps found upon [Ce2]6+ reduc-
tion in Ce2@Ih-C80ZnP. In the case of Sc3N@Ih-C80ZnP (18) 
the oxidative pathway was shut down; regardless of the solvent 
polarity, (Sc3N@Ih-C80)•−ZnP•+ evolved as the sole product of 
charge separation (CS).
In an extension, the electron transfer events were investi-
gated between ZnP as electron donor and Sc3N@IhC80 as 
electron acceptor over larger distances with center-to-center 
distances of up to 45 Å—Figure 7. The quenched fluorescence 
quantum yields of Sc3N@Ih-C80ZnP and the nature of the 
excited-state deactivation from transient absorption spectros-
copy delivered the conclusive evidence of charge-separation over 
transduction of energy transfer from ZnP (2.1 eV) to Sc3N@Ih-
C80 (1.5  eV). Kinetic analysis established the evolution of 
(Sc3N@Ih-C80)•−ZnP•+ with a driving force of 0.63 eV. In terms 
of charge-recombination for (Sc3N@Ih-C80)•−ZnP•+ in THF 
and benzonitrile at electron donor-acceptor distances of 33 and 
45 Å in Sc3N@Ih-C80ZnP (19) and Sc3N@Ih-C80ZnP (20), 
respectively, the lifetimes were fit to be in the 1–3 µs regime.[89]
In conclusion, different from the reductive electron transfer, 
reactivity of 0D empty fullerenes—vide supra—has been our 
full-fledged investigations on 0D EMFs: Depending on the 
nature of the MPs, on one hand, and the solvent polarity, on the 
other hand, electrons have been transferred both ways to either 
reduce or oxidize EMFs—Scheme  2. This clearly stands out in 
the area of charge transfer with 0D fullerenes. Unique is the 
ability of EMFs to trap charges in their interior by, for example, 
Figure 6. Representative porphyrin conjugates featuring 0D EMFs: La2@Ih-C80ZnP (17) (La3+s are shown in red) with an electron accepting EMF 
(La2@Ih-C80) and a light harvesting/electron donating zinc (II) porphyrin (ZnP) in non-polar solvents or an electron donating EMF (La2@Ih-C80) and a 
light harvesting/electron accepting zinc (II) porphyrin (ZnP) in non-polar solvents on the left, and Sc3N@Ih-C80ZnP (18) (Sc3N6+ is shown in blue) with 
an electron accepting EMF (Sc3N@Ih-C80) and a light harvesting/electron donating zinc (II) porphyrin (ZnP) on the right. In THF, charge-separation and 
recombination are 1.0 × 1012 s−1 (La2@Ih-C80ZnP (17))/1.0 × 1011 s−1 (Sc3N@Ih-C80ZnP (18); toluene) and 5.8 × 109 s−1 (La2@Ih-C80ZnP (17))/2.3 × 1010 s−1 
(Sc3N@Ih-C80ZnP (18); toluene), respectively.
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reducing [Ce2]6+; since it enables stabilizing the charge separated 
states by a factor of about 40 and 100 relative to the reduction 
of Ih-C80 in La2@Ih-C80ZnP (17) and Sc3N@Ih-C80ZnP (18), 
respectively. A real drawback of EMFs is their low triplet excited 
state energies, which governs the CR to afford the triplet excited 
state rather than the ground state. In other words, the under-
lying driving forces are placed close to the Marcus top region 
and, in turn, the rate constants are maximal. One possible way to 
bypass the aforementioned is trapping the charges reductively at 
the endohedral atoms, ions, or even clusters. But, this comes at 
the expense of weak electronic coupling, which opens deactiva-
tion channels that compete with the CS.
3. 1D Nanocarbons
3.1. SWCNTs
Expanding the delocalized structure of sp2.278-hybridized 
carbon atoms in 0D empty fullerenes and EMFs along 1D by 
Figure 7. Representative porphyrin conjugates featuring 0D EMFs: Sc3N@Ih-C80ZnP (19) (Sc3N6+ is shown in blue) with an electron accepting EMF 
(Sc3N@Ih-C80) and a light harvesting/electron donating zinc (II) porphyrin (ZnP) on the top, and Sc3N@Ih-C80ZnP (20) (Sc3N6+ is shown in blue) 
with an electron accepting EMF (Sc3N@Ih-C80) and a light harvesting/electron donating zinc (II) porphyrin (ZnP) on the bottom (R = −C8H17). In THF, 
CR is 1.0 × 106 s−1 (Sc3N@Ih-C80ZnP (19))/6.6 × 105 s−1 (Sc3N@Ih-C80ZnP (20)).
Scheme 2. Energy diagram for EMF porphyrin conjugates highlighting the oxidation of EMFs on the left, and the reduction of EMFs, that is, the reduc-
tion of the endohedral atoms, ions, or even clusters, on the right stemming from the fast CS and leading to fast and slow CR, respectively.
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means of inserting additional carbon hexagons have produced 
1D SWCNTs. Conceptually, 1D SWCNTs reinforce charge-
delocalization and charge-transport in a way that 0D empty 
fullerenes and EMFs could never do. SWCNTs exhibit unique 
electronic, mechanical, and optical properties. Most promi-
nently, SWCNTs are either small band-gap semiconductors or 
metals with conductance that reach ballistic dimensions. But, 
SWCNT syntheses lead to heterogeneous products in terms 
of chirality, diameter, and length. Myriads of structural defects 
go hand-in-hand with the presence of catalyst particles and the 
fact that SWCNTs bundle. In short, synthesis, sorting, and indi-
vidualization of SWCNTs are major challenges toward future 
applications. Several techniques have highlighted the fact that 
semiconducting SWCNTs are intrinsically p-type doped and, in 
turn, donate electrons rather than accept electrons. Only dis-
cernible are these properties for SWCNTs that are debundled, 
individualized, and stabilized, often in solution. Typically, they 
are poorly soluble in many media. Large SWCNT bundles 
originate from attractive interactions such as π–π stacking and 
London dispersion forces. Over the last 15 years, a myriad of 
studies regarding the covalent functionalization of SWCNTs 
with different Ps have been reported.[90–94]
3.2. 1D: SWCNT Porphyrin Conjugates
In one of the functionalization approaches, a ZnP, which was 
functionalized at three meso-positions with triphenylamine 
entities as electron donors, was attached to SWCNTs at the 
remaining ZnP meso-position—Figure  8. To this end, the 
SWCNTZnP (21) conjugate was synthesized by a Sonoga-
shira coupling under microwave irradiation conditions.[95] The 
advantages of the covalent approach were counterbalanced 
by the defects or detrimental disruption of the π-conjugated 
structure of SWCNTs, which strongly impact the optical and 
electronic properties. In Raman spectra, the D-mode inten-
sity allowed insights into the level of covalent functionaliza-
tion. The down-shifts present in the G-, D-, and 2D-modes 
prompt to n-type doping in the form of charge-transfer inter-
actions between SWCNTs and ZnP. In general, strong elec-
tronic communication between SWCNTs and ZnP—even in 
the ground state—was deduced from broadened and signifi-
cantly red-shifted absorption features of SWCNTZnP rela-
tive to pristine SWCNTs. The presence of a quenched ZnP 
fluorescence in SWCNTZnP (21) hint at the occurrence of 
additional excited state deactivation such as electron transfer 
and/or energy transfer. Furthermore, the polarity of the sol-
vent played a role in the fluorescence quenching mechanism. 
For SWCNTZnP (21), in an apolar solvent such as THF, the 
fluorescence quenching was notably weaker than in the more 
polar solvent NMP with 68%. This suggested that electron 
transfer rather than energy transfer was the main deactivation 
channel in the SWCNTZnP (21) conjugate. The formation of 
SWCNT•−ZnP•+ after photoexcitation of ZnP was witnessed 
by recording the fingerprints of one-electron oxidized form of 
ZnP and one-electron reduced form of SWCNTs. Importantly, 
due to the occurrence of a competitive charge-separation pro-
cess, the recovery of the excitonic maxima in the conjugate was 
much faster relative to what was seen for pristine SWCNTs. 
The corresponding lifetimes for SWCNTZnP (21) and just 
SWCNTs were 5 and 33 ps, respectively.
A similar trend was also discerned for other SWCNTZnP 
conjugates, where ZnP was covalently grafted to the SWCNT 
sidewalls by direct aryl radical addition reaction with a meta- or 
Figure 8. Representative porphyrin conjugates featuring 1D SWCNTs: SWCNTZnP (21) with an electron accepting SWCNT and a light harvesting/elec-
tron donating zinc (II) porphyrin (ZnP) on the left, SWCNTZnP (22) with an electron accepting SWCNT and a light harvesting/electron donating zinc 
(II) porphyrin (ZnP) in the center, and SWCNTZnP (23) with an electron accepting SWCNT and a light harvesting/electron donating zinc (II) porphyrin 
(ZnP) on the right. In THF, CR is 2.0 × 1011 s−1 (SWCNTZnP (21)). In DMF, CR is 4.2 × 1010 s−1 (SWCNTZnP (22))/2.0 × 1010 s−1 (SWCNTZnP (23)).
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para-phenylene linker—Figure  8.[96] Specifically, the lifetimes 
were remarkably longer due to the weaker electronic coupling 
through the meta-linkage (SWCNTZnP (23)) with 49 ps than 
through the para-linkage (SWCNTZnP (22)) with 24 ps.
Next, the focus was shifted to enhance the light harvesting 
of H2P in SWCNT(H2P)4 conjugates (24), in which four H2Ps 
were linked to the periphery of the dendrimers—Figure  9.[97] 
Consequently, absorptions of both, that is, SWCNTs and H2Ps, 
were discernable in the absorption spectra. Furthermore, 
Raman spectra substantiated the covalent functionalization 
between SWCNTs and (H2P)4 by means of the presence of an 
appreciable stronger D-band in the SWCNT(H2P)4 conju-
gates (24) relative to what the observations made for pristine 
SWCNTs. It should be noted that the D-band was not affected 
by the dendrimer formation lacking H2Ps. Turning to fluo-
rescence spectroscopy of SWCNT(H2P)4 (24), a significant 
fluorescence quenching of the H2P-centered features was inter-
preted in terms of excited state interactions between SWCNTs 
and (H2P)4. The respective fluorescence kinetics was com-
posed of two fluorescent components, namely a short-lived 
(0.04 ± 0.01 ns) and a long-lived (8.6 ± 1.2 ns) component. The 
latter is in sound agreement with that seen for pristine H2P 
(9.5 ± 0.5 ns) and implies lack of interactions between H2P and 
SWCNTs. A possible explanation was argued with the remote 
location of some H2Ps relative to SWCNT as a result of the den-
dritic structure of the (H2P)4 function. Finally, transient absorp-
tion spectroscopy enabled an assignment of the excited state 
species. SWCNT(H2P)4 (24) was subject to fast charge-sepa-
ration ((1.5 ± 0.5) x 1010 s−1) after H2P photoexcitation to yield 
SWCNT•−(H2P)4•+, whose presence was verified by the respec-
tive fingerprint absorption features. Important from a kinetic 
perspective was the fact that the rapid decay of the H2P singlet 
excited state was linked to an intramolecular charge-separation.
In prior work, which was about an SWCNTH2P conjugate 
(25) with just one H2P rather than four H2Ps per linker, the 
same trends were established—Figure  10.[98] The weaker H2P 
absorption, due to fewer H2Ps, rendered, however, the investi-
gations very challenging. For example, the presence of SWCNTs 
marginally modified the excited state dynamics and/or lifetimes 
in the SWCNTH2P conjugate (25): a fluorescence lifetime of 
10.4 ± 0.5 ns for H2P. In the case of the SWCNTH2P conju-
gate, the corresponding lifetime was 5.2 ± 0.5 ns. Nevertheless, 
transient absorption measurements, which were conducted 
with SWCNTH2P (25), yielded the characteristic absorptions 
of the one-electron oxidized form of H2P concomitant with the 
50 ps decay of the H2P singlet excited state.
Figure 9. Representative porphyrin conjugates featuring 1D SWCNTs: SWCNT(H2P)4 (24) with an electron accepting SWCNT and a light harvesting/
electron donating free-base porphyrin (H2P). In THF, CS and recombination are 1.5 × 1010 and 2.9 × 106 s−1, respectively.
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In a comparative assay, two different SWCNTZnP conju-
gates were tested—Figure  11. In SWCNTZnP (26), a single 
ZnP was attached per functional group to SWCNTs, whereas 
in SWCNT(ZnP)2 (27), a first-generation dendron bearing 
two ZnPs was attached to the SWCNTs.[99] In this particular 
case, SWCNT functionalization with a ZnP-dendron was car-
ried out by means of click chemistry. Raman spectroscopy with 
SWCNT-ZnP (26) and SWCNT(ZnP)2 (27) allowed detection 
of a significant increase in the relative intensity of the D-band 
relative to pristine SWCNTs. Sizeable ground state interactions 
between SWCNT and ZnP perturbed the absorption spectra 
of SWCNT-ZnP (26) and SWCNT(ZnP)2 (27). In the excited 
state, conclusions about interactions were drawn from a strong 
fluorescence quenching and a fast ZnP excited state decay. 
Both were rationalized as a consequence of charge-transfer 
interactions. Unambiguous proof for charge-separation came 
from transient absorption measurements. The  lifetime of 
charge-separated states in SWCNT-ZnP (26) (820  ps) and 
SWCNT(ZnP)2 (27) (200  ps) were, however, marginally 
changed by the presence of the different spacers that link ZnPs 
with SWCNTs.
In summary, our work and that of other groups around the 
globe[100–103] have pioneered the reductive electron transfer reac-
tivity of 1D SWCNTs despite their p-type nature—Scheme  3. 
Surprising to us were CR dynamics on the order of tens of 
picoseconds, which were, in fact, (much) faster than those 
found in most conjugates featuring 0D empty fullerene/EMFs. 
This clearly contradicts a charge delocalization and/or charge 
transport involving SWCNTs. A setback is, however, the fact 
that true charge-delocalization and charge-transport along the 
π-extended network of carbon atoms in SWCNTs has failed 
to this date. The current belief is that structural defects in the 
form of sp3–hybridized carbons are detrimental and need to 
be avoided. Such structural defects are likely to originate, on 
one hand, from the SWCNT synthesis and, on the other, the 
SWCNT functionalization. Albeit challenging the former is 
manageable, the latter is essential to link the Ps to SWCNTs. 
Metallic SWCNTs might offer new pathways(!).
4. 2D Nanocarbons
4.1. CNDs
Lots of examples of luminescent, colloidal, and carbon-based 
materials, which have been synthesized in solution, have been 
reported under the umbrella term “CNDs”. In contrast to the 
well-defined 0D empty fullerenes and EMFs, on one hand, 
and 1D SWCNTs, on the other hand, the precise structural 
characterization of CNDs still constitutes a tremendous chal-
lenge. Strictly speaking, CNDs are nanocarbons with (partially) 
Figure 10. Representative porphyrin conjugates featuring 1D SWCNTs: 
SWCNTH2P (25) with an electron accepting SWCNT and a light harvesting/
electron donating free-base porphyrin (H2P). In THF, CR is 2.0 × 1010 s−1.
Figure 11. Representative porphyrin conjugates featuring 1D SWCNTs: SWCNTZnP (26) with an electron accepting SWCNT and a light harvesting/
electron donating zinc (II) porphyrin (ZnP) on the left, and SWCNT(ZnP)2 (27) with an electron accepting SWCNT and a light harvesting/electron 
donating zinc (II) porphyrin (ZnP) on the right. In DMF, CR is 1.2 × 109 s−1 (SWCNTZnP (26))/5.0 × 109 s−1 (SWCNT(ZnP)2 (27)).
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amorphous structures and high heteroatom content. In much of 
our own work, pressure-synthesized CNDs, for which citric acid 
and urea are used as inexpensive and biobased precursor mate-
rials, lie at the center of attention. Despite the aforementioned, 
CNDs have attracted a mounting interest: CNDs are a readily 
available, non-toxic, and tailorable carbon-based nanomaterial. 
Notable are studies, in which CNDs have been probed with suc-
cess in terms of reductive and oxidative electron transfer. Among 
the many remarkable CND properties, their luminescence stands 
out as very likely to be their most striking optical feature.[104–110]
4.2. Hexa-peri-hexabenzocoronenes
Less amorphous than CNDs are HBCs. HBCs with their 
extended network of carbons have evolved, on their own merits, 
as a particularly interesting class of nanocarbon building blocks. 
For example, their high symmetry, small size, and extended 
π-system, etc. all renders them interesting not only for chem-
istry but also for materials science. An interesting aspect will, 
undoubtedly, be the large HOMO-LUMO gap of HBCs, despite 
an overall large conjugated π-system. A closer look at the elec-
tron distribution has shown that the presence of Clar-sextets is 
responsible for the interrupted π-conjugation.[25,51,111]
4.3. Graphene Nanoplate (GNP)
Upon pushing the in-plane π-extension of HBCs 2D graphene 
has been reached. It is constituted of a single atomic layer of 
sp2–hybridized carbon in the form of a hexagonal lattice and is 
best described as a zero-gap material, which conducts electrons 
like a metal. Given the outstanding properties of this 2D honey-
comb lattice in terms of its electrical conductivity and mechan-
ical strength, tremendous research efforts have been invested 
in the production of defect-free and band-gap tailored graphene 
sheets; top-down or bottom-up. In fact, the latter has been 
the basis for a myriad of applications, especially in the area of 
photovoltaics, either in the form of a transparent conducting 
electrode or an active component in combination with appro-
priate organic counterparts such as conjugated polymers. In 
the current context, we wish to refer to GNPs.[13,112,113,114]
4.4. 2D: CND Porphyrin Conjugates
Strong intramolecular charge-transfer interactions were observed 
in CNDH2P conjugates (28), both in the ground and in the 
excited state, in H2O/THF 1:1 solutions—Figure  12.[115] The 
Scheme 3. Energy diagram for SWCNT porphyrin conjugates highlighting the fast CS and the fast CR stemming from the suppression of charge 
delocalization.
Figure 12. Representative porphyrin conjugate featuring 2D 
CNDs: CNDH2P (28) with an electron accepting CND and a 
light harvesting/electron donating free-base porphyrin (H2P). In 
H2O/THF (1:1 v/v), CS and biphasic recombination are >1  × 1012 and 
1.59 × 1011/4.44 × 109 s−1, respectively.
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Soret-band absorptions of the H2P were found to be broadened 
and red-shifted by about 30  nm in comparison to a H2P-refer-
ence, and Q-band absorptions red-shift from 518, 555, 581, and 
636 nm to 523, 556, 597, and 650 nm, respectively. Furthermore, 
CND-centered absorptions were subject to a 6  nm blue-shift in 
the CNDH2P conjugate (28), when compared with bare CNDs. 
These results pointed to strong electronic communications 
between the CNDs and H2P in the ground state. As a matter of 
fact, these were favored by their close proximity, which stem from 
their covalent attachment. Translation of these interactions to the 
excited state resulted in a 50% quenching of CND emissions and 
an 80% quenching of H2P fluorescence in the CNDH2P conju-
gate (28), in comparison to the individual components. Notable 
was a 6 nm red-shift of the H2P fluorescence features. The effi-
cient excited state electronic communication within the conjugate 
enabled a rich excited state activity. For example, an intramolec-
ular energy transfer process followed the selective CND excitation 
at 300 nm, which afforded a sizeable H2P fluorescence. On the 
other hand, selective H2P excitation at 422 nm triggered an intra-
molecular, ultrafast electron transfer from the H2P to the CNDs. 
This led to a charge-separated state, which recombined biphasi-
cally with lifetimes of 6.3 and 225 ps to reinstate the ground state.
4.5. 2D: Hexabenzocoronene Porphyrin Conjugates
In HBC–ZnP conjugates, in which ZnPs were geometrically 
arranged in ortho- (29), meta- (30), and para-position (31) 
around the HBC, ground-state interactions were discernible in 
form of split Soret-band absorptions—Figure  13.[116] The split-
ting increased along with the substitution pattern, namely it 
was the weakest in the ortho-(ZnPHBCZnP) conjugate and 
the strongest in the para-(ZnPHBCZnP) conjugate. The flu-
orescence was solely ZnP-centered, indicating a highly efficient 
unidirectional energy transfer from the HBCs to the ZnPs.
The same energy transfer was also proposed to happen in 
several ethynyl-bridged HBC(metallo)porphyrin conjugates—
Figure  14.[117] Introducing ethynyl-bridged HBCs at the meso 
position of the ZnPs and H2Ps lowered the symmetry and split/
energetically stabilized the electronic states. The latter was 
also reflected in broadened and red-shifted Soret- and Q-band 
absorptions. In transient absorption measurements, excited-
state deactivation via multiple singlet excited states and con-
secutively triplet excited states prompted the complexity of the 
conjugates, which was introduced by the functionalization. In 
case of a HBCZnPZnPHBC array (33), the absorptive and 
Figure 13. Representative porphyrin conjugates featuring 2D HBCs: ortho-(ZnPHBCZnP) (29) with light harvesting ZnPs and a mediating HBC 
on the left, meta-(ZnPHBCZnP) (30) with light harvesting ZnPs and a mediating HBC in the center, and para-(ZnPHBCZnP) (31) with a light 
harvesting ZnPs and a mediating HBC on the right.
Figure 14. Representative porphyrin conjugates featuring 2D HBCs: HBCZnPHBC (32) and HBCZnPZnPHBC (33) with light harvesting ZnPs 
and mediating HBC on the top, and (HBCZnPZnPHBC)C60 (34) with light harvesting/electron donating ZnPs, light harvesting HBC, and an 
electron accepting C60 on the bottom. In benzonitrile, CS and recombination are 0.25–1.25 × 1012 and 1.05–2.63 × 109 s−1 ((HBCZnPZnPHBC) 
C60 (34)), respectively.
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fluorescent features were manually controlled with the help 
of bidentate ligands. For example, the use of bis(aminoalkyl)-
substituted fullerene imposed panchromatic absorptions from 
350  nm to beyond 800  nm. Notably, the complexation had an 
impact on the dihedral angle between the ZnPs, which are indi-
vidually tuned by the length of the ligand. For bis(aminoalkyl)-
substituted fullerene, the dihedral angle is close to 0°. The con-
sequence was a unit efficient energy transfer from the HBCs 
to the ZnPs followed by a charge-separation from the ZnP to 
C60 in 34. The charge-recombination lifetimes varied as a func-
tion of the center-to-center distance between electron donor and 
acceptor and ranged from 380 to 950 ps.
4.6. 2D: GNP Porphyrin Conjugates
One of the several, yet challenging approaches is the cova-
lent functionalization of graphene to realize versatile electron 
donor-acceptor systems.[118,119] Notably, microwave-produced 
few-layered graphene was used for functionalization and is 
referred to as GNPs. By employing a strategic combination 
of the Sonogashira coupling and the Prato–Maggini reac-
tion, a number of GNPZnP and GNPZnPFc electron 
donor-acceptor conjugates (35 and 36) were synthesized—
Figure  15.[120,121] X-ray photoelectron spectroscopy and Raman 
mapping combined with imaging were employed to demon-
strate successfully the covalent functionalization of GNPs. 
One of the highlights was the systematic variation of distances 
between the GNPs, ZnPs, and Fcs by employing oligo-p-phe-
nyleneethynylenes of variable lengths to study electron transfer 
events over long distances. For both, ground and excited state, 
ZnP was used as a probe. Strong electronic communication 
was correlated with the changes in absorption features. Here, 
broadened and red-shifted Soret band absorptions went hand-
in-hand with the quenched ZnP fluorescence. From the excited 
state dynamics upon selective ZnP excitation the instantaneous 
formation of two short-lived, charge-separated states as inter-
mediates, namely GNPZnP•−Fc•+ and GNP•−ZnP•+Fc 
was corroborated. Certainly, the rate of the charge-separation 
exhibited notable dependences on the length of the oligo-
p-phenyleneethynylene bridges separating GNP and ZnP, on 
one hand, as well as ZnP and Fc, on the other hand. Of great 
importance was the fact that cascades of charge-shift events 
generated long-lived GNP•−ZnPFc•+ charge-separated states 
with lifetimes in the nanosecond time range featuring a GNP-
delocalized electron and the one-electron oxidized form of Fc as 
one of the final products.[122]
In short, controlling 2D GNPs in electron donor-acceptor con-
jugates has led to the exploration of 2D CNDs and 2D HBCs. 
Among them, only 2D GNPs and partially amorphous 2-D 
Figure 15. Representative porphyrin conjugates featuring 2D GNPs: GNPZnPFc (35 and 36) with an electron accepting GNP, light harvesting 
and electron accepting/donating zinc porphyrin (ZnP), and secondary electron donating ferrocene (Fc). In THF, CR is <  108 s−1 (GNPZnPFc 
(35))/<108 s−1 (GNPZnPFc (36)).
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CNDs when linked to MPs have participated in electron transfer 
reactions—Scheme 4. Although only a single study with CNDs 
exists, the corresponding fast CR reflects a general trend made 
with electron donors other than MPs. Non-amorphous 2D HBCs 
have been developed into versatile platforms, but to this date, 
only energy transfer has materialized. CNDs are easy to be pro-
duced and bio-compatible, which renders them highly relevant 
for many emerging applications including photocatalytic proton 
reduction. The complex, but not completely deciphered, struc-
ture of CNDs necessitates, however, a multifaceted strategy to 
investigate their fundamental electronic structure and to estab-
lish structure-property relationships. Nevertheless, the fact that a 
CND standard is much needed at this point in time constitutes 
a major drawback. It is only through probing a CND standard 
that charge transfer bottlenecks become avoidable. Among these 
bottlenecks is the question if the largely amorphous character of 
CNDs is advantageous or disadvantageous. An initial study with 
graphene quantum dots might be a step in the right direction. 
The setback for GNPs is similar to that discussed for SWCNTs, 
since true charge-delocalization and charge-transport along the 
π-extended network of carbon atoms in GNPs has not been 
realized. Again, structural defects in the form of sp3–hybridized 
carbons are detrimental and need to be excluded. Such structural 
defects are linked to, on one hand, the preparation of GNPs and, 
on the other, the GNP functionalization.
5. Bulk Materials
5.1. Bulk: Semiconductor Porphyrin Electrodes for Photovoltaic 
Photon-Conversion
Incorporation of ZnPs (38) and H2Ps (37) into electrodes for dye-
sensitized solar cell (DSSC) applications was investigated with 
different approaches. First, the linkage of H2P (37) onto ZnO 
nanoparticles (NP) was analyzed—Figure  16.[123] The size of 
networks was controlled by different factors such as the ratio of 
H2P to ZnO NPs, size of ZnO NPs, and aging time. These net-
works were probed in TiO2- and ZnO-based DSSCs. While the 
fill factor (FF) remained constant, the open-circuit voltage (VOC) 
increased from 0.57 to 0.61 V and the short circuit current (JSC) 
increased from 5.66 to 6.78 mA cm−² for the TiO2-based DSSCs. 
This led to an increase in photon conversion efficiency (PCE) 
from 2.73% to 3.01%. These trends were additionally observed 
in the incident photon-to-electron conversion efficiency (IPCE). 
Increased stability with respect to ZnOH2P networks was 
achieved in the case of ZnOZnP. The latter was accompanied 
by a higher resistance for charge-recombination and a lower 
resistance towards charge-transport. Additionally, lifetime and 
charge-collection efficiencies increased with improved charge-
injection and charge-transport in these new devices.
In a second study, catechol-functionalized ZnO nanorods 
were used to construct layer-by-layer (LbL) assemblies for use 
in solar cells.[124] The characteristic Soret- and Q-band absorp-
tions linearly intensified for H2P12− (39) featuring 12 negative 
charges—Figure  17. Full coverage was obtained after three 
double layers of the nanorods and H2P12−s, as confirmed by 
SEM. Additionally, the formation of porphyrin-nanorod double-
layers was substantiated by means of profilometry. A layer 
thicknesses of 17.6 nm for one double-layer was detected, being 
in line with the thickness of the nanorods with 17.0 nm. SEM 
images showed individual and homogenously distributed ZnO 
nanorods. Adjusting the basicity led to sharpening of the Soret-
band absorption at 429 nm, through suppression of H-aggregate 
formation of the Ps. A ZnOH2P LbL assembly proved superior 
Scheme 4. Energy diagram for CND porphyrin conjugates highlighting 
the fast CS and fast CR.
Figure 16. Representative Ps for photovoltaic photon-conversion: a light harvesting/electron donating free-base porphyrin (H2P) (37) on the left and 
a light harvesting/electron donating zinc (II) porphyrin (ZnP) (38) on the right.
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in current-voltage (J-V) and IPCE characteristics yielding a VOC 
of 0.48 V, a JSC of 0.1 mA cm−², and a PCE of 1.5 × 10−2%, which 
is four times higher than the ZnO–ZnP efficiency.
5.2. Bulk: Semiconductor Porphyrin Systems for Photocatalytic 
Photon-Conversion
Quite different was the approach, in which porphyrin photocat-
alysts were developed for highly efficient photocatalytic H2-pro-
duction systems. To this end, palladium porphyrins (PdP) (40) 
and platinum porphyrins (PtP) (41) were utilized as photocata-
lysts upon their adsorption onto TiO2 NP—Figure 18. A twofold 
role of TiO2 NPs was the modus operandi in photo-catalytic 
schemes. On one hand, TiO2 acted as a strong electron acceptor 
that enabled electron transfer from the porphyrin catalysts that 
were adsorbed onto its surface. On the other hand, TiO2 acted 
as a scaffold for self-organization. To this end, the formation of 
J- and H-aggregates occurred on the TiO2 surface affording 
photo-catalytic active schemes that power the H2-evolution with 
PdP (40) and PtP (41), respectively. Overall, J-type conformation 
was more efficient than H-type conformation. Complementary 
time-resolved transient absorption spectroscopy helped in 
rationalizing that a symmetry breaking charge separation 
(SBCS) between individual PdPs (40) and PtPs (41) immobilized 
onto TiO2 is responsible for the photocatalytic effects. Simulta-
neous adsorption of PdP and PtP onto TiO2 NPs, resulted in 
the most efficient catalytic system illustrating 22.733 turnover 
numbers (TONs) and 30.200 µmol (H2)/g (cat).[125]
6. Multi-Dimensional Nanocarbons
The incorporation of 0D, 1D, and 2D nanocarbons into advanced 
energy materials has enabled remarkable breakthroughs in the 
realization of efficient energy conversion and storage units. At 
this stage, the grand challenge is not only to combine these 
nanocarbons into integrated electron donor-acceptor conju-
gates, but also to build on the synergy of their outstanding 
features in terms of photon- and charge-management. What 
stands out is to mix and match the electron accepting nature 
of 0D empty fullerenes, the electron accepting/donating nature 
of 0D EMFs, the electron accepting/donating nature of 1D 
SWCNTs, and the semi-metal nature of 2D graphene or their 
smaller CND and HBC analogous.[53,55,112,126–137]
6.1. 0D/0D: (Empty Fullerene)–EMF Conjugates
Given the higher stability and the lower oxidation potential of 
trimetallic nitride fullerenes compared to C60, an all–fullerene 
electron donor-acceptor conjugate was designed using sequential 
1,3-dipolar cycloadditions. In particular, Lu3N@Ih-C80, which is 
one of the most studied EMF, was integrated via phenyl-linker 
together with C60 —Figure 19. The C60Lu3N@Ih-C80 conjugate 
(42 and 43) was the first reported example, where fullerenes 
behave both as electron donors and electron acceptors. DFT 
calculations provided evidence for the fact that the anti-RSSS 
isomer is the most stable out of the 16 diastereomeric pairs, 
that is, 8 with syn and 8 with anti-orientation. With the aid of 
spectroelectrochemical measurements and femtosecond tran-
sient absorption experiments, formation of a 1179 ps lived C60•−
Lu3N@Ih-C80•+ charge-separated state was testified. The heavy-
atom effect stemming from the Lu3N-cluster facilitated the spin 
conversion from the charge-separated singlet state C60•−Lu3N@
Figure 17. Representative derivatives and Ps for photovoltaic photon-conversion: a positively charged/electron accepting catechol derivative on the 
left, Dopamine hydrochloride in the center for the stabilization of ZnO nanorods, and a light harvesting/electron donating anionic free-base porphyrin 
with 12 negative charges (H2P12−) (39) on the right.
Figure 18. Representative Ps for photocatalytic photon-conversion: light 
harvesting/electron donating metallo(porphyrins) PdP (40) and PtP (41) 
immobilized on TiO2 for H2 production.
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Ih-C80•+ into the corresponding triplet state. This, in turn, slowed 
down the CR by one order of magnitude.[138]
6.2. 0D/1D: (Empty Fullerene)–SWCNT Conjugates and EMF–
SWCNT Conjugates
Recently, C60 and EMFs, on one hand, and SWCNTs, on the 
other hand, were merged into covalent conjugates. Herein, 
three different conjugates of C60 with SWCNTs (44–46) as 
well as one conjugate of EMF with SWCNTs are highlighted—
Figure 20. In the case of C60SWCNT (44), Raman spectroscopy 
was used to verify the covalent attachment.[139] The ID/IG ratio 
for C60SWCNT (0.96) was greater than that seen in pristine 
SWCNTs (0.43). In addition, the presence of up-shifts in the G- 
and D-modes and down-shift in the Ag(2)-mode was interpreted 
in terms of a charge-transfer, which takes place from SWCNTs 
to C60 as a result of the strong electron-accepting nature of C60.
Figure 19. Representative all carbon-conjugates featuring 0D empty fullerenes and 0D EMFs: syn-C60Lu3N@Ih-C80 stereoisomer (42) with an electron 
accepting C60 and electron donating Lu3N@Ih-C80 on the left and anti-C60Lu3N@Ih-C80 stereoisomer (43) with an electron accepting C60 and electron 
donating Lu3N@Ih-C80 on the right. In anisole, the CS and recombination are 1.83 × 1011 and 8.5 × 108 s−1 (singlet charge-separated state)/1.18 × 108 s−1 
(triplet charge-separated state), respectively.
Figure 20. Representative all carbon-conjugates featuring 0D empty fullerenes/EMFs and 1D SWCNTs: C60SWCNT (44) with an electron donating 
SWCNT and an electron accepting C60 on the left, C60SWCNT (45) with an electron donating SWCNT and an electron accepting C60 in the center left, 
C60SWCNT (46) with an electron donating SWCNT and an electron accepting C60 in the center right, and Sc3N@C80SWCNT (47) (Sc3N6+ is shown in 
blue) with an electron donating SWCNT and an electron accepting Sc3N@C80 on the right. In DMF, CS is 2.0 × 1011 s−1 (C60SWCNT (45))/≥ 2.0 × 1011 s−1 
(C60SWCNT (46)).
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In an independent study, C60 and SWCNT were covalently 
linked using phenylene-ethylene bridges to control electronic 
communication and to vary the C60-to-SWCNT distance.[140] 
The broadened absorptions in the visible range in the case of 
C60SWCNT (45) and C60SWCNT (46) was used as a sign for 
the functionalization, on one hand, and the electronic inter-
action between C60 and SWCNT, on the other hand. In addi-
tion, a significantly more intense D-band for C60SWCNT (45) 
and C60SWCNT (46) resulted in remarkably higher ID/IG 
ratios of 0.35 and 0.62, respectively, when compared to that of 
just SWCNTs (0.07). This was due to the addition of the aryls 
onto the SWCNT skeleton. Femtosecond transient absorption 
studies shed light onto the charge-separation and charge-recom-
bination events. The transient maxima for C60SWCNT (45) 
were red-shifted relative to pristine SWCNTs. Moreover, from 
a faster-excited state recovery compared to pristine SWCNTs 
an additional deactivation process, that is, electron transfer 
from in situ formed SWCNT exciton to C60, was inferred. The 
recovery process was fully completed within nearly 5 ps. Sim-
ilar performances were summarized for C60SWCNT (46). But, 
the underlying red-shift was much smaller, and the excited state 
recovery was slower than that observed for C60SWCNT (45). 
As such, in C60SWCNT (46) the larger C60 to SWCNT distance 
went hand-in-hand with a much slower charge-separation.
Next, the focus was set on a Sc3N@C80SWCNT conjugate 
(47).[141] Here, the efficient binding of Sc3N@C80 to SWCNTs 
was realized by using negatively charged SWCNTs. Impor-
tantly, EMFs were activated by introducing diazonium func-
tionalities, which served as SWCNT anchors. The activation 
of SWCNTs was accomplished through a preceding reduction 
with potassium. An immediate consequence is SWCNT-cen-
tered absorptions, which are blue-shifted and altered in rela-
tive intensities with respect to the pristine SWCNTs. Raman 
spectroscopy exposed a significantly more intense D-band in 
the case of SWCNT-Sc3N@C80 with a much higher ID/IG ratio 
(0.37) compared with pristine SWCNTs. The Raman mode at 
411 cm−1 in SWCNT-Sc3N@C80 was slightly up-shifted relative 
to Sc3N@C80, implying intramolecular interactions between 
Sc3N@C80 and SWCNT in the conjugate.
6.3. 0D/2D: (Empty Fullerene)–HBC Conjugates
Of further interest was HBCs, which acted as bridges between 
C60 and ZnP. Notably, HBCs were used as a versatile plat-
form to create ortho-, meta-, and para-isomeric substitu-
tion patterns (48 – 50)—Figure  21. Compared to a C60HBC 
reference, the HBC-related absorptions were broadened in 
ortho-(C60HBCZnP) (48), meta-(C60HBCZnP) (49), and 
para-(C60HBCZnP) (50). In preliminary transient absorp-
tion experiments, the fast formation of a charge-transfer state is 
observed followed by the transformation into a singlet charge-
separated state C60•−HBCZnP•+, which eventually ends up 
in a triplet charge-separated state. The charge-recombination 
Figure 21. Representative porphyrin conjugates featuring 2D HBC and 0D C60: ortho-(C60HBCZnP) (48) with a light harvesting/electron donating 
ZnP, electron transfer mediating HBC, and an electron accepting C60 on the left meta-(C60HBCZnP) (49) with a light harvesting/electron donating 
ZnP, electron transfer mediating HBC, and an electron accepting C60 in the center, and para-(C60HBCZnP) (50) with a light harvesting/electron 
donating ZnP, electron transfer mediating HBC and an electron accepting C60 on the right.
Figure 22. Representative all carbon-conjugates featuring 0D empty fullerenes/EMFs and 2D GNPs: C60GNP (51) with an electron accepting C60 
and electron donating GNP on the left and Sc3N@Ih-C80GNP (52) with an electron accepting GNP and electron donating Sc3N@Ih-C80. on the right.
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was strongly solvent-dependent and ranged from nanoseconds 
in nonpolar media to hundreds of picoseconds in polar media. 
Another interesting aspect evolved in ortho-(C60HBCZnP) 
(48). Here, the formation of the charge-transfer and charge-
separation is accelerated due to the proximity of C60 and ZnP, 
enabling an alternative through-space pathway next to the 
through-bond pathway, which was also monitored in meta-
(C60HBCZnP) (49) and para-(C60HBCZnP) (50).[142]
6.4. 0D/2D: (Empty Fullerene)–GNP and EMF–GNP Conjugates
The covalent functionalization of graphene continues to con-
stitute a tremendous task and this motivated the synthesis 
of inter carbon-allotrope architectures based on graphene—
Figure 22. Rather than using oxidized sheets of graphene, the 
focus was on the functionalization of pristine graphene in 
the form of GNPs, specifically with 0D empty fullerenes and 
EMFs. To this end, grafting GNPs with C60 and Sc3N@Ih-C80 
was realized using a reductive activation/exfoliation pathway 
of graphite. To settle the nature of the binding C60GNP (51) 
and Sc3N@Ih-C80GNP (52) were characterized by mass spec-
troscopy. Additionally, statistical Raman spectroscopy assisted 
in the confirmation by means of considerably more intense 
D-bands in the C60GNP (51) and Sc3N@Ih-C80GNP conju-
gates (52) when compared to the starting material, that is, pris-
tine graphene. For example, ID/IG ratio is 1.2 higher compared 
with ca. 0.1 for graphite.[143,144]
6.5. 0D/2D: (Empty Fullerene)–CND Conjugates
Lately, the first examples of C60CND conjugates (53) were pre-
pared and are being actively investigated—Figure 23. In prelim-
inary experiments, substantial quenching of the CND-centered 
emission suggested that electronic communication between 
CNDs and C60 enabled new decay pathways that were absent 
in the individual components. This was interpreted in terms 
of energy or electron transfer between the components, that is, 
C60 and CND.[145]
Recent years have witnessed a trend-setting for combining 
the best of the 0D, 1D, and 2D nanocarbons—Scheme 5. Early 
work has truly been promising and provided important incen-
tives to optimize the design, synthesis, and study of advanced 
energy materials.
7. Conclusion
Years of trend-setting research in the area of 0D, 1D, and 2D 
nanocarbons has witnessed notable breakthroughs in advanced 
Figure 23. Representative all carbon-conjugate featuring 0D empty fuller-
enes and 2D CNDs: C60CND (53) with an electron accepting C60 and 
electron donating CND. This system is currently under investigation.
Scheme 5. Energy diagram for empty fullerene EMF conjugates highlighting the fast CS and slow CR stemming from the heavy atom affect in EMFs 
to spin-flip the charge separated state.
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energy materials. At the forefront of efficient energy conver-
sion and storage units has been the electron accepting nature 
of 0D empty fullerenes, the electron accepting/donating nature 
of 0D EMFs, the electron donating nature of 1D SWCNTs, and 
the semi-metal nature of 2D GNPs or their smaller CND and 
HBC analogous. In Table 1 the most relevant rate constants are 
summarized. But, exploiting their full potential has required a 
transdisciplinary methodology. Our transdisciplinarity in the 
area of photon- and charge-management has always been based 
on the synergy stemming from synthetic chemistry, characteri-
zation, theory, and modeling as well as prototype devices. But, 
a prototype is merely the proof of concept, it isn’t the proof of a 
product. To go from a prototype, which has enabled testing the 
idea/the general design and proving that it is possible to apply 
those ideas, all the way to production, and taking a prototype 
to a place, where it can be commercialized, takes a lot of effort, 
planning, and expertise.
Progress has gone much beyond advanced concepts to con-
vert sunlight and to store energy by means of photovoltaics and 
H2-photocatalysis. Decisive have been contributions/applica-
tions in molecular electronics, biomedical devices, nanocom-
posites, sensing, just to name a few.
From our own perspective, future challenges in the area will 
include the utilization of nearly defect-free and individualized/
stabilized 1D SWCNTs and 2D GNPs to decorate them with 
suitable light harvesters, electron donors, or electron acceptors. 
Table 1. CS and CR rate constants determined for the different conjugates featuring 0D, 1D, and 2D nanocarbons, on one hand, and MPs, on the 
other hand, from the pump-probe femtosecond measurements at an excitation wavelength relevant to the studied systems in solvents of different 
polarities.
Conjugate Solvent kCS [s−1] kCR [s−1] Ref.
1 C60ZnP THF >2.9 × 1011 2.5 × 109 [71]
4 C60CoP THF 5.5 × 1010 4.3 × 109 [72]
7 C60ZnP THF 1.3 × 1010
5.1 × 108
1.6 × 107
3 × 105 [73]
11 C60(opPV)3ZnP THF 4.5 × 109 1.2 × 106 [74]
12 C60(CopPV)3ZnP THF 7.1 × 1010 5.9 × 109 [75]
13 C60H2P benzonitrile 1.8 × 1011 3.4 × 109 [76–78]
14 C60ZnP benzonitrile 4.8 × 1011 2.0 × 1010 [76–78]
15 Ce2@Ih-C80ZnP THF 1.3 × 1012 2.4 × 108 [86]
16 Ce2@Ih-C80H2P THF 5.4 × 1010 >5.4 × 1010 [87]
17 La2@Ih-C80ZnP THF 1.0 × 1012 5.8 × 109 [88]
18 Sc3N@Ih-C80ZnP toluene 1.0 × 1011 2.3 × 1010
19 Sc3N@Ih-C80ZnP THF >1 × 1012 1.0 × 106 [89]
20 Sc3N@Ih-C80ZnP THF >1 × 1012 6.6 × 105 [89]
21 SWCNTZnP THF >1 × 1012 2.0 × 1011 [95]
22 SWCNTZnP DMF >1 × 1012 4.2 × 1010 [96]
23 SWCNTZnP DMF >1 × 1012 2.0 × 1010 [96]
24 SWCNT(H2P)4 THF 1.5 × 1010 2.9 × 106 [97]
25 SWCNTH2P THF >1 × 1012 2.0 × 1010 [98]
26 SWCNTZnP DMF >1 × 1012 1.2 × 109 [99]
27 SWCNT(ZnP)2 DMF >1 × 1012 5.0 × 109 [99]
28 CND-H2P H2O/THF 1:1 >1 × 1012 1.59 × 1011
4.44 × 109
[115]
34 (HBCZnPZnPHBC)C60 chlorobenzene 0.25–1.25 × 1012 1.05–2.63 × 109 [117]
35 Fc-(p-phenyleneethynylene)2ZnP-
(p-phenyleneethynylene)2GNP
THF Fc·+ZnP·−GNP FcZnP·+GNP·− Fc·+ZnP·−GNP FcZnP·+GNP·−/Fc·+ZnPGNP·− [120–122]




THF Fc·+ZnP·−GNP FcZnP·+GNP·− Fc·+ZnP·−GNP FcZnP·+GNP·−/Fc·+ZnPGNP·− [120–122]
1.60 × 1010 7.20 × 1010 5.0 × 109 3.87 × 108/< 108
42 anti-C60Lu3N@Ih-C80 anisole 1.83 × 1011 8.5 × 108
1.18 × 108
[138]
45 C60SWCNT DMF 2.0 × 1011 ≈1 × 109 [140]
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This will be part of the concept to foster, on one hand, the 
storage of single charges and, on the other hand, the accumula-
tion of multiple charges, that is, either electrons or holes, in 
extended 1D SWCNTs/2D GNPs or the unidirectional media-
tion thereof to catalytic centers. All of this will be needed to 
drive, for example, the formation of solar fuel. The mediation 
of charges to catalytic centers will involve solving yet another 
challenge: Multifunctional 1D SWCNTs/2D GNPs, which fea-
ture light harvesters/electron donors and electron acceptors, 
but arbitrarily on both sides of the basal plane of 2D GNP. In 
the long run, decorating, for instance, the upper side of the 
2D GNP basal plane with light harvesters/electron donors and 
the lower side with electron acceptors or vice versa will be the 
penultimate challenge in the area as it will enable storing not 
only single but also multiple charges, which are separated by 
the basal plane of 2D GNP.
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